10 % have maternal uniparental disomy of chromosome 7. We measured DNA methylation in 18 SRS patients at >485,000 CpG sites using DNA methylation microarrays. Using a novel bioinformatics methodology specifically designed to identify subsets of patients with a shared epimutation, we analysed methylation changes genome-wide as well as at known imprinted regions to identify SRS-associated epimutations. Our analysis identifies epimutations at the previously characterised domains of H19/IGF2 and at imprinted regions on chromosome 7, providing proof of principle that our methodology can detect DNA methylation changes at imprinted loci. In addition, we discovered two novel epimutations associated with SRS and located at imprinted loci previously linked to relevant mouse and human phenotypes. We identify RB1 as an additional imprinted locus associated with SRS, with a region near the RB1 differentially methylated region hypermethylated in 13/18 (~70 %) patients. We also report 6/18 (~33 %) patients were hypermethylated at a CpG island near the ANKRD11 gene. We do not observe consistent co-occurrence of epimutations at multiple imprinted loci in single SRS individuals. SRS is clinically heterogeneous and the absence of multiple imprinted loci epimutations reflects the heterogeneity at the molecular level. Further stratification of SRS patients by molecular phenotypes might aid the identification of disease causes.
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Background Genome-wide studies are powerful tools that have been used successfully in the identification of genetic alterations associated with human disease (Koboldt et al. 2013) . Nevertheless, a major challenge remains in elucidating the role of the epigenome, which directs important cell-type specific functions during development and may therefore play a role in human disease pathology. DNA methylation can be measured genome-wide using a variety of approaches including promoter-focused studies and global methylation assays at base-pair resolution across the human genome. Each approach provides advantages and disadvantages in the detection of DNA methylation differences [reviewed in (Meaburn and Schulz 2012; Bock 2012) ]. Here, we interrogate DNA methylation at ~485 000 CpGs genomewide in patients with Silver-Russell syndrome (SRS) (OMIM180860), a disorder with no single overarching aetiology but with evidence for having genetic and/or epigenetic causative components. We identify regions of methylation difference in patients compared to control samples, in an effort to improve the understanding of this disorder at the molecular level, including a comprehensive re-examination of its association with genomic imprinting.
Silver-Russell syndrome is characterised by intrauterine and/or postnatal growth restriction (≤ −2SD from the mean), relative macrocephaly, typical facial appearances such as triangular-shaped face and frontal bossing, and body asymmetry (Price et al. 1999) . Other abnormalities include fifth-finger clinodactyly, café au lait spots, male genital anomalies and speech delay [reviewed in . SRS belongs to a group of 'imprinting disorders', which have an estimated incidence of 1 in 7,000 (Abu-Amero et al. 2010) . Genomic imprinting involves epigenetic mechanisms whereby the expression of a gene is restricted to either the paternal or the maternal allele, resulting in parent-of-origin-specific monoallelic expression. This is primarily controlled by differentially methylated regions (DMRs) comprised of CpG-rich sequence where the methylation state of the cytosine residues depends on the parent-of-origin of the allele. A trend has been observed whereby paternally expressed genes promote foetal growth, whereas maternally expressed genes restrict foetal growth (Moore and Haig 1991) . Human imprinting disorders are caused by alterations of gene expression dosage as a result of chromosome abnormalities or methylation defects (epimutations), often exhibiting abnormal growth phenotypes (Ishida and Moore 2013) .
Previous investigations of both the potential genetic and epigenetic aetiologies of SRS have revealed its heterogeneous nature (Abu-Amero et al. 2010) . To date, two major molecular defects have been described. The first is that maternal uniparental disomy of chromosome 7 (mUPD7) is detected in approximately 10 % of patients (Gicquel et al. 2005; Preece et al. 1997 ). mUPD7 results in over-expression of maternally expressed imprinted genes and/or loss of paternally expressed imprinted genes from the entire chromosome 7. In contrast, paternal UPD7 patients do not exhibit distinct growth phenotypes (Hoglund et al. 1994; Pan et al. 1998 ). Both hetero-and isodisomic mUPD7 SRS cases have been identified, suggesting the SRS phenotype may be a feature of aberrant imprinting rather than the exposure of a recessive allele .
Despite an extensive search of numerous individual candidate genes both on chromosome 7 and other human chromosomes, specific genes with a functional role in SRS have not been identified (Abu-Amero et al. 2010) . The second epigenetic defect associated with SRS is hypomethylation of the H19/IGF2 DMR, known as imprinting control region 1 (H19 ICR1) at 11p15, detected in almost half of the assayed SRS patient cases (Gicquel et al. 2005) . Chromosome region 11p15 harbours two adjacent imprinted domains, each controlled by its own ICR. ICR1 is found on the telomeric side, regulating the parent-of-origin-specific monoallelic expression of the paternally expressed insulin-like growth factor 2 (IGF2) gene, a growth promoter, and of the maternally expressed non-coding RNA H19, a growth suppressor. ICR1 is normally methylated only on the paternal allele, and when hypomethylated, it has been associated with reduced IGF2 expression and biallelic expression of H19 (Gicquel et al. 2005) . Human and mouse studies provide strong evidence that this epimutation likely contributes to the growth restriction phenotype in SRS (Lee et al. 2010) .
Recent studies have revealed that approximately 10 % of SRS patients with ICR1 hypomethylation also have additional methylation defects [multi-locus methylation defects (MLMD)] present at other imprinted loci. These are found at both maternally and paternally methylated DMRs, strongly suggestive of aberrant imprint establishment or maintenance (Azzi et al. 2009; Eggermann et al. 2011 Eggermann et al. , 2014 Turner et al. 2010; Court et al. 2013) . However, these studies only focussed on selected regions. For genomewide studies, Penaherrera et al. (2010) investigated 1,505 CpG sites of 22 SRS patients using the Illumina ® Golden Gate methylation array, but detected no additional common methylation defects other than ICR1 hypomethylation. Kannenberg et al. (2012) studied 27,500 CpG sites using the Illumina ® HumanMethylation27 array and compared 18 SRS patients and 9 small-for-gestational-age children. This study revealed that up to 73 % of patients with ICR1 hypomethylation have MLMD at other imprinted loci. However, neither study found recurrent methylation defects outside of ICR1.
The molecular features of the remaining ~40 % of SRS patients still remain to be defined. Importantly, the hypomethylation at the H19 ICR1 associated with half of the SRS patients is detectable in blood. Epigenetic factors such as DNA methylation are generally tissue specific and accordingly, detection of an epigenetic defect in human disease is difficult due to inaccessibility to the relevant affected tissues. The presence of this hypomethylated allele in blood provides a rationale to search for additional novel methylation differences between SRS patients and controls in this tissue.
Materials and methods

SRS DNA samples
Eighteen SRS patients were included in the DNA methylation microarray study, as previously described by (Preece et al. 1997) . Peripheral blood DNAs from SRS patient DNA samples were prepared using a phenol-chloroform solution (Sigma ® ). SRS patients fulfilled at least three of the five key criteria (birth weight ≤ −2SD from the mean, postnatal growth ≤ −2SD from the mean, relative macrocephaly, body asymmetry, typical facial features) (Price et al. 1999) . The cohort consisted of nine males and nine females, ages 0.84-20.32 years at the time of assessment. Several patients were previously identified to have ICR1 hypomethylation (n = 2) using a methylation-sensitive RFLP PCR assay (bis conF: 5′-gtagggtttttggtaggtatagag-3′, bis conR: 5′-cttaaataacccraaacrtttccac-3′), the restriction enzyme used was Taqα1 (TCGA) (Cooper et al. 2005) . Three SRS patients in the cohort were diagnosed with mUPD7, all remaining patients had a normal karyotype (detailed patient information is summarised in Table S1 ).
Control DNA samples
Six white European individuals were included in the study as in-house control samples, DNA was prepared from blood using a Ficoll ® -density gradient. Informed consent was obtained from all participants and the study was approved by the Joint Research Ethics Committee of Great Ormond Street Hospital and the Institute of Child Health (approval 1278). 35 additional control methylation profiles from three additional studies were taken from the Gene Expression Omnibus (GEO) studies GSE42865, GSE32148 and GSE35069. Ages of control samples from GSE42865 were obtained by personal communication. The age of all controls from GSE35069 was assigned to be 38 (midpoint of 25-51), and the age of sample GSM796696 was assigned as 54 (average of study GSE32148) (Table S2) . SRS patients without age data were assigned as 6 (average of all other SRS samples). This was done for the purpose of linear modelling.
Genome-wide DNA methylation detection
Infinium HumanMethylation450 Beadchip
This array interrogates ~485,000 methylation sites per sample at single-nucleotide resolution. It covers 99 % of RefSeq genes, with an average of 17 CpG sites per gene region distributed across the promoter, 5′ UTR, first exon, gene body, and 3′ UTR. It covers 96 % of CpG islands, with additional coverage in island shores and the regions flanking them. 18 SRS patient samples plus six control samples were analysed by this method on two BeadChip arrays run concurrently. 300 ng of DNA was quantified using a QUBIT™ fluorometer and used to generate Infinium libraries according to the manufacturers' instructions http://www.illumina.com/products/methylation_450_beadchip_kits.ilmn, sodium bisulfite conversion was performed using the EZ DNA methylation kit (Zymo Research). Arrays were scanned on an Illumina ® BeadArray Reader. All array data were deposited in GEO under the accession number GSE55491.
MeDIP-seq
MeDIP-seq libraries were prepared using DNA extracted using the same methods as described previously. MeDIP DNA libraries were prepared for multiplexed-paired-end sequencing on the Illumina GAIIx platform as follows. DNA samples were quantified by Qubit DS DNA analysis and 6 μg of DNA was sonicated to obtain an average fragment size of ~200 bp using the diagenode bioruptor (Diagenode, Belgium). Each sample was sonicated for 6 cycles of 10 min (30 s on/off) cycle at +4 °C. Next-generation sequencing libraries were prepared from sonicated DNA samples using the NEBNEXT DNA library preparation kit (NEB, USA). MeDIP was performed using 4 μg of each library, using a previously described method (Puszyk et al. 2013 ). All samples (including inputs) were then amplified by ligation-mediated PCR and DNA libraries were indexed to allow pooling of 12 libraries for multiplexed sequencing of samples. The SRS cohort consisted of eight patients including two patients analysed using the beadchip array (patient details summarised in Table  S1 ). The control group (n = 5) consisted of 3 males and 2 females with mean age of 25.8 ± 9.52 years. Processed MeDIP data in the form of BED9 and BigBed files can be downloaded from the following web address: https://atlas. genetics.kcl.ac.uk/~rschulz/MeDIPseqSRS.
Locus-specific methylation analysis using bisulfite PCR and sequencing
Bisulfite sequencing of the RB1 locus was carried out on 12 SRS patients and six control whole blood DNA samples.
Six of these SRS patients who showed hypermethylation at cg13389575 probe CpG were included as technical verification, and six new SRS samples were included to screen for additional patients with hypermethylation. 1 μg of DNA samples were treated with sodium bisulfite and purified using EZ DNA Methylation-Gold™ Kit (Zymo Research). Bisulfite PCR primers were designed using MethPrimer program [http://www.urogene.org/methprimer/ (last accessed 10.06.14)], the primer sequences in 5′-3′ direction are as follows: RB1_F: gggattttatatgtaatagggagttttta and RB1_R: taaaaaaaacaaaactaccctccc. Cloning of the PCR products was carried out with TOPO ® TA Cloning kit (Invitrogen) following manufactures' instructions. An average of 27 colonies were picked per sample and sequenced using BigDye ® Terminator v1.1 Cycle Sequencing kit (Applied Biosystems). Sequencher 4.10.1(Gene Codes) and BiQ Analyzer programmes [http://biq-analyzer.bioinf.mpi-inf.mpg.de/ (last accessed 10.06.14)] were used for visualisation and quality control of DNA methylation data. Clones with C-T conversion of less than 98 % were removed from the analysis for accurate quantitation of methylation levels.
Bioinformatics analysis
Experimental design and Illumina ® HumanMethylation450 Beadchip data processing
Illumina
® background-subtracted intensity data from the Illumina ® HumanMethylation450 Beadchip were exported from Beadstudio, all subsequent statistical analyses were performed in R (version 2.15.2) unless explicitly stated. No normalisation was applied to correct for previously identified differences between the Type I and Type II assay types. Instead, the different assay types as well as their combinations with the two colour channels were treated as independent experiments. Specifically, intensity values from the array were split into six separate datasets: Type I red methylated, Type I red unmethylated, Type I green methylated, Type I green unmethylated, Type II green (methylated), and Type II red (unmethylated). For a full description of the Infinium 450k array chemistry, see Bibikova et al. (2011) . Each dataset was independently subjected to between-array quantile normalisation. In addition to microarray data generated in-house, we used intensity values taken from 35 additional genome-wide methylation profiles deposited in GEO (Table S2 ). 474 highly polymorphic probes not present in all the GEO curated datasets were excluded from the analysis. Methylation analyses were performed using the limma package (Smyth 2005) . To assess changes in methylation at each probe, we used a linear model of the intensity levels in terms of the following experimental factors: disease state, sex, study, blood cell preparation (whole blood or PBMCs) and age. We ascertained that blood cell preparation had to be defined as an experimental factor since when we performed the linear modelling without this factor and we saw inflation of the test statistics ( Figure S1 ). Defining blood cell preparation as an experimental factor allows us to control for cell-specific differences in methylation. Previous studies have detected blood cell-specific variation in methylation (Reinius et al. 2012) .
Each SRS patient was tested individually versus 41 'control methylation profiles' using a round-robin approach, performing independent linear modelling and testing for methylation changes on each of the six datasets. After modelling, all test P values (across all six datasets) for the disease state coefficients were multiple testing-corrected using the Benjamini-Hochberg method (Benjamini and Hochberg 1995) . Each CpG was thus assigned twofold changes and two corrected P values, one for each of the methylated and unmethylated moieties (Fig. 1a) .
For an individual CpG in a SRS patient to be designated as either hypomethylated or hypermethylated versus controls, it had to pass one of three logical tests: either (1) both methylated and unmethylated intensities exhibited a significant change (FDR < 50 %) and the intensity values moved in opposite directions, i.e., when the methylated intensity increased, the unmethylated intensity decreased, or (2) the methylated intensity exhibited a significant change (FDR < 50 %) and the unmethylated intensity exhibited no significant change (FDR > 70 %), or (3) the unmethylated intensity exhibited a significant change (FDR < 50 %) and the methylated intensity exhibited no significant change (FDR > 70 %) (Fig. 1b) . Using these three logical indicators, each CpG was assigned a score of −1 (hypomethylated), +1 (hypermethylated), or 0 (no significant change in methylation) for each individual SRS patient. The sum of the CpG scores across the 18 patients is the group-wise CpG score, ranging from −18 to 18 (Fig. 1c) . For example, a score of −18 would indicate that the CpG was significantly hypomethylated in all SRS patients. Adjacent CpG was subsequently considered in combination depending on their genomic context. For example, CpGs within or near a specific CpG island (additional data file 1), gene promoter region (additional data file 2) or gene body region (additional data file 3) were considered together, and their score average became the 'island/promoter/gene body score' (Fig. 1d) . Only distinct genomic regions containing two or more CpGs were considered in our analyses. Control methylation profiles were used to define the normal range of genomic region scores (Fig. 2a, b, c) . Regions were considered differently methylated in SRS if the region score was outside of the 0.1th-99.9th percentile range observed in controls. Chromosome plots of CpG islands showing changes in methylation in SRS patients were prepared using the ideographica package (Kin and Ono 2007) .
RnBeads bioinformatics analysis
Raw intensity values from the in-house microarray, and from GEO were subjected to between-array quantile normalisation, as above, separately for each assay type and colour channel, and beta values were computed from the normalised intensities. Within-array BMIQ normalisation was used to correct for technical differences between Type I and Type II probes. Finally, a group-wise comparison was performed between the SRS and control cohorts. To assess methylation differences at each probe we used a linear model of beta values in terms of the following experimental factors: disease state, sex, study, blood cell preparation (whole blood or PBMCs) and age.
MeDIP bioinformatics analysis
Bioinformatic analysis was performed using the same statistical method as in Proudhon et al. (2012) . However, rather than a group-wise comparison, a round-robin analysis was performed comparing each SRS patient individually versus the control group.
SRS methylation differences at imprinted DMRs
Overrepresentation of differences in methylation in SRS at or within 100 kb of a known imprinted DMR was tested using the Chi-squared test with Yates' correction, and was calculated both including and excluding all CpG islands on chromosome 7 and within 100 kb of the H19 ICR1, due to the presence of mUPD7 and H19 ICR1 hypomethylated SRS patients. A list of known imprinted DMRs was obtained from WAMIDEX (downloaded 2010) (Schulz et al. 2008) .
To test for overlap between CpG islands that show differences in methylation in SRS and known imprinted regions of the human genome, coordinates of imprinting DMRs were taken from WAMIDEX and merged with coordinates of imprinted genes from geneimprint (geneimprint.org, downloaded 2010). These two sets of regions were considered in a hierarchical fashion: entries from geneimprint were only considered if no imprinted DMR had been identified for a particular imprinted locus (Table S3) . Using the intersect tools in Galaxy (Giardine et al. 2005) , we scanned 
Fig. 1
Methylation microarray analysis pipeline: a each of the ~485 000 CpG assays measures methylation change for both the methylated (M) and unmethylated (U) moieties. b For a CpG to be considered it must display a significant methylation difference, the signal for both moieties must differ from the control group with an FDR < 50 %, in an inverse direction to each other, i.e. the methylated moiety increasing and the unmethylated moiety decreasing, or either the methylated or unmethylated moiety differs from the control group with FDR < 50 % and the other moiety does not significantly change (FDR > 70 %). c CpGs are scored on a per-individual basis for each SRS patient versus the control group (see Fig. 2 ). If the CpG is hypomethylated versus controls it receives a score of −1, a score of +1 if it is hypermethylated, and a score of 0 if there is no change. The SRS group-wise CpG score is the sum of the scores across all 18 SRS individuals. d Neighbouring CpGs were subsequently grouped together by genomic region to assess regional methylation differences in specific genomic contexts ◂ for CpG islands that displayed methylation changes in SRS and that occurred within 100 kb of an imprinted DMR or imprinted gene region.
Methylation changes at gene promoters and in gene bodies
Gene promoter and gene body methylation were assayed independently and the results combined based on a common Entrez ID to identify genes that displayed differences in methylation in SRS at both the promoter and in the gene body. The proportional Venn diagram to illustrate overlap was generated using the Vennerable package implemented in R.
Ontological analysis
Genes that displayed differences in methylation in SRS at the promoter or within the gene body were assayed for overrepresentation in specific biological processes (BP) or molecular functions (MF) using the GOStats package implemented in R (Falcon and Gentleman 2007) .
Results
A novel method for analysing 450k Infinium methylation microarray data
The 450k Infinium microarray platform employs two different assay types (Type I and Type II) and two different colour channels (red and green) to measure DNA methylation. Type I relies on two distinct probes, measuring the unmethylated (U) and methylated (M) moieties of a CpG in a sample, respectively. A proportion of Type I assays uses the red colour channel, while the remainder use the green channel. Type II assays rely on a single probe returning a measurement of the U and M moieties of a CpG in the red and green channels, respectively. The distributions of the measured fluorescence signal (intensity) systematically differ between the two moieties but also between assay types and colour channels, i.e. for both biological and technical reasons (Teschendorff et al. 2013; Touleimat and Tost 2012; Staaf et al. 2008; Maksimovic et al. 2012) . 
D
Instead of manipulating the intensity values to try to specifically neutralise the technical biases, we treated each array as a composite of six distinct array types (Type I red U, Type I red M, Type I green U, Type I green M, Type II U, Type II M) and performed quantile normalisation across samples, linear modelling and testing for significant intensity differences between samples separately for each array type [using limma (Smyth 2005) ]. All resulting test P values were globally multiple testing corrected using the Benjamini-Hochberg method of controlling the false discovery rate (FDR) (Benjamini and Hochberg 1995) .
Consequently, for each assayed CpG, two test results, one for each of the U and M moieties, had to be combined to generate a value and corresponding score (Fig. 1) . We considered a CpG to be significantly hypermethylated (scored as +1) if M significantly (FDR < 50 %) increased and U significantly decreased, or if M significantly increased and U showed no significant change (FDR > 70 %), or if U significantly decreased and M showed no significant change; analogously for a significantly hypomethylated CpG (scored as −1). Otherwise, the CpG was considered as not differently methylated (scored as 0) (Fig. 1b) .
Instead of a group-wise comparison of all SRS patients (n = 18) versus all non-SRS control samples (n = 41), we chose a round-robin approach, comparing each individual SRS patient with the group of non-SRS controls so that test results for individual patients were available for detailed inspection of group-wise significant results (Fig. 3) . For each CpG, the test scores were added across patients (Fig. 1c) . The CpG scores were averaged across the CpGs within defined genomic regions (e.g. CpG islands) containing at least two scored CpGs to generate per-region scores (Fig. 1d) . The same round-robin approach was applied to compare each non-SRS control sample with the remaining controls to generate baseline distributions for CpG and genomic region scores. We then considered a CpG or genomic region to have a significant score in the SRS group if the score fell outside of the range defined by the 0.1th and 99.9th percentiles of the baseline distribution.
SRS-associated DNA methylation changes are distributed across the genome The numbers of significantly hypermethylated and hypomethylated CpGs in each SRS patient were closely correlated with one another (Pearson's correlation = 0.99, P < 0.001) and not significantly different from each other (Student's t test, P = 0.74), in other words methylation changes in SRS patients relative to controls were comprised approximately equally of losses and gains of methylation ( Figure S2 ). One exceptional patient DNA sample (SRS 6) appeared to be an outlier with an excess of methylation changes by comparison to the 17 other patient samples analysed in this study, but hypo-and hypermethylated CpGs were again equally frequent. On average, 6,667 (1.4 %) of CpGs showed significant changes in methylation in the SRS patient group compared to the control group.
We summarised methylation changes across CpG Islands, gene promoters and gene bodies where the role of DNA methylation in relationship to gene expression has been characterised in most detail (Jones 2012) , by averaging the scores obtained for all CpGs in the respective genomic region. Again, there was no obvious skew towards global hypo-or hypermethylation at the level of CpG islands, gene promoters or gene bodies (Fig. 2a, b, c) . The genomes of these SRS patients therefore are not globally hypo-or hypermethylated, consistent with previous findings (Dias et al. 2012) .
We found 313 CpG islands that showed significant differences in methylation in the SRS patient group (Table S4 ; Fig. 2a) , an almost 40-fold increase over the control group. These CpG islands were distributed across all chromosomes, including the sex chromosomes (Fig. 4) . Chromosome 19 had the highest density of methylation changes in CpG islands, most likely due to its particularly high gene Fig. 3 Study design. Control methylome scores were taken from four different studies. Six in-house controls were analysed on the same array as the SRS patient samples, three additional sets of controls were taken from data deposited in GEO. These were from studies GSE32148 (20 controls), GSE35069 (12 controls) and GSE42865 (three controls). DNA was extracted from whole blood for each of the 18 SRS samples and for 6 controls from study GSE35069. All other control samples used DNA from only the PMBC fraction of blood. Methylation levels at each of the 485,000 probes were compared for each SRS sample individually versus the combined methylation levels of all the controls together, which represented an average 'normal' level of methylation. Thus, 18 independent comparisons were made and the results from each combined (see Fig. 1 for pipeline) density. Interestingly, CpG islands with methylation differences appeared to cluster together into regions with runs of multiple either hypo-or hypermethylated CpG islands, rather than alternating between hyper-and hypomethylated islands. This is especially obvious for but not limited to chromosome 19 and may represent the coordinated regulation of multiple loci in larger genomic regions.
Specific imprinted regions are affected by methylation changes in SRS SRS is one of several disorders associated with imprinted regions (Ishida and Moore 2013) . Approximately, 50 % of SRS cases display hypomethylation at the H19 ICR1, while a further 5-10 % of SRS patients exhibit mUPD7 (Gicquel et al. 2005; Preece et al. 1997) . We determined the prevalence of SRS-specific differences in methylation at imprinted loci in a genome-wide, systematic way. To reduce the risk of systematic errors introduced by genetic variation within probes, we visually inspected probes that displayed differences in methylation for overlap with common variants (>5 % minor allele frequency).
We hypothesised that methylation changes in CpG islands may occur more frequently at or near (within 100 kb of) known imprinted DMRs than expected by chance. We found that this was the case (Chi-squared test with Yates' correction: P < 0.0001; Table S5 ). However, this result is subjected to an ascertainment bias because of the known mUPD7 and H19 ICR1 molecular phenotypes in our SRS cohort. When we excluded CpG islands and DMRs on chromosome 7 and within 100 kb of the H19 ICR1, the result was no longer strictly significant (P = 0.0545; Table S5) with only two (RB1 and MCTS2) of the 20 known DMRs, showing differences in methylation in our SRS patient group. In addition, the distance between the MCTS2 DMR and the CpG island with methylation changes was further than 25 kb. If we are being conservative, and assess only regions within 25 kb of a known imprinted DMR, the result is not significant (P = 0.2481). When we extended our analysis to all reportedly imprinted genes, even those for which no imprinted DMR has yet been defined (for the full list of regions see Table S3 ), we only found one additional methylation difference at a CpG island within 100 kb, near the ANKRD11 gene. Thus, we found no evidence of an overarching methylation phenotype affecting all or a large proportion of imprinted DMRs in SRS. However, the methylation change at RB1 may be additional molecular phenotypes by which to stratify SRS patients (Table 1) .
Hypomethylation at the H19 ICR1 may be more common in SRS than previously thought Hypomethylation at the H19 ICR1 region was detected in six SRS patients at multiple CpGs across the region, while 12 samples exhibited no obvious methylation changes (Table 1; S6) . This was at odds with previous tests for H19 ICR1 hypomethylation, which failed to detect hypomethylation in three of these patients (with one untested). Our results therefore suggest that the methylation-sensitive RFLP PCR method, which assays a single CpG site (see "Materials and methods"), failed to correctly detect H19 ICR1 hypomethylation in a significant proportion of cases. Because the entire H19 ICR displays methylation differences in SRS this result highlights the limitation of Detection of hypermethylation of the imprinted DMRs on chromosome 7 provides further proof of principle for this analysis approach
The CpG islands corresponding to the imprinted DMRs at GRB10, PEG10 and MEST were identified as significantly hypermethylated in the SRS patient group. This result was due to three mUPD7 patients in the SRS group (n = 18). mUPD7 individuals carry two maternal and no paternal copies of chromosome 7 so that the maternally methylated imprinted DMRs on chromosome 7, as compared to the control group, were expected to appear hypermethylated in individual mUPD7 patients. Our analysis approach was sufficiently sensitive to detect these methylation differences present in only 1/6th of the patients. Non-mUPD7 patients did not harbour significant methylation differences at these imprinted DMRs (Table 1; S7) . These results, combined with the results for the H19 ICR1, provide proof of principle that this analysis approach is capable of identifying methylation changes with high sensitivity.
Hypermethylation at the RB1-imprinted DMR in >70 % of SRS cases
We detected significant hypermethylation of a CpG island 1,087 bp from the RB1-imprinted DMR on chromosome 13 in the SRS patient group (Table 1) . On an individual basis, the CpG island was significantly hypermethylated in 11 of 18 SRS samples (55 %). Closer inspection of the methylation scores for the CpGs in the island showed that two adjacent CpGs in the island shore (cg13389575 at chr13:48890413 and cg11882053 at chr13:48890459) contributed predominately to the hypermethylation score of the island. At least one of these two CpGs was significantly hypermethylated in 13 SRS patients (Table S8 ; Figure S3) , with an average increase in methylation of approximately 10 %. The 13 patients did not present with a clinical phenotype that distinguished them from the five remaining patients (Table 1) . Hypermethylation at RB1 occurred in patients with other molecular anomalies (e.g. mUPD7, H19 ICR1 hypomethylation). Interestingly, six patients also exhibited hypomethylation of CpG cg24342013, nearer to the imprinted DMR, suggesting a potentially complex pattern of methylation changes at this locus in SRS. We propose DNA hypermethylation in the chr13:48890413-48890459 region to be of interest as a molecular phenotype associated with SRS. These probes are located in the CpG island shore, peripheral regions of the island that have been associated with environmental-specific dynamic changes in methylation (Yang et al. 2013 ).
Hypermethylation at the ANKRD11 locus in SRS
We identified a CpG island located 25 kb downstream of the ANKRD11 gene that was significantly hypermethylated in the SRS patient group (Table 1; S9; Figure S4 ). The CpG 
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For the purpose of comparison, imprinted regions were defined as being within 100 kb of an imprinted DMR, or where an imprinted DMR had not been defined for a given locus, as being within 100 kb of any imprinted gene. SRS patients were assigned unique identifier numbers, e.g., SRS4. For each SRS patient, if 20 % or more of the probes in a CpG island exhibited hypo-or hypermethylation, this is shown in the table ("+" = hypermethylation, "−" = hypomethylation), Grey boxes indicate a known SRS-associated epimutation. Summarised pre-existing clinical information is shown. (Cla = Classic, "." = no data). Classic SRS have somewhat more severe growth restriction, and have at least two other typical features of SRS including postnatal growth restriction, relative macrocephaly, body asymmetry and typical facial features. "Mild SRS", which is sometimes called "atypical SRS", have growth restriction but less typical additional features or less than two additional typical characteristics island coincides with a piRNA gene cluster (piR-50317; GenBank: DQ583205.1), a class of small RNAs involved in chromatin remodelling (Peng and Lin 2013) . Individually, six of the 18 SRS patients were significantly hypermethylated at two or more CpG probes located within the island. Three CpGs, located within the island, contributed predominately to the hypermethylation score of the island and when considered together displayed an average increase in methylation of 1.2 % in the six SRS patients. It is questionable whether this small increase in methylation is biologically meaningful. However, because the ANKRD11 locus is implicated in both 16q24.3 microdeletion syndrome, with haploinsufficiency of ANKRD11 (Willemsen et al. 2010) , and in KBG syndrome where several mutations in ANKRD11 are observed (Sirmaci et al. 2011) , we considered this observation interesting. Both syndromes exhibit significant phenotypic overlap with each other and with SRS, including short stature, triangular face, and fifthfinger clinodactyly (Spengler et al. 2013) . Although this locus is designated as an imprinted region in the geneimprint database (geneimprint.com), the imprinted status of ANKRD11 has not been confirmed. ANKRD11 is ~70 kb downstream of CDH15 which is imprinted in a tissuespecific manner in mouse, but imprinting has not been observed in human (Proudhon et al. 2012 ).
Replication of significant hits using MeDIP-seq and bisulfite analysis To confirm the validity our findings, we performed a replication analysis in eight patients with SRS using MeDIPseq applied to blood samples, which assays DNA methylation genome-wide. Our replication cohort consisted of two SRS individuals analysed using the Illumina ® 450k methylation microarray and 6 additional SRS patient samples, each compared separately to a set of five normal controls. Analysis of methylation at the H19 ICR1 using MeDIPseq revealed hypomethylation in 3 of 8 patients ( Figure  S5 ), providing proof of principle for this method to detect known epimutations in our SRS cohort.
The MeDIP-seq analysis additionally revealed that 4/8 (50 %) individuals were hypermethylated at the RB1 DMR (FDR < 50 %), supporting our microarray-based findings ( Figure S6 ). Of the two samples analysed using both methods we detected hypermethylation at the RB1 DMR in SRS 17 using both the microarray and MeDIP platforms. SRS 5 was not designated as hypermethylated using the microarray; however, hypermethylation was detected using MeDIP-seq.
Further confirmation of hypermethylation at the RB1 DMR was performed in 12 SRS patients using bisulfite conversion followed by PCR, cloning and sequencing, with results again supporting those generated by the array analysis ( Figure S7) . Eight of 12 samples showed higher methylation levels at the location of probe cg13389575 when compared to the control methylation level (Table  S10) . Of the six samples analysed on both platforms (SRS12, SRS17, SRS22, SRS26, SRS30, SRS31), four recapitulated the hypermethylation phenotype observed at this position using the 450 k microarray (not SRS31 and SRS26). The degree of methylation difference at this location was modest and there was no difference in methylation levels when the average of ten CpG dinucleotides across the region was compared instead, likely indicating a CpGspecific methylation effect, or technical sensitivity differences between the assays.
Methylation changes within genes in SRS
In a separate analysis, we identified 174 gene promoters and 277 gene bodies that displayed significant differences in methylation in the SRS patient group (Fig. 2d) . Fifteen genes showed differences in methylation at both the promoter and in the gene body (Table 2) . We inspected the methylation changes at the single CpG level for each of the 15 genes, and excluded genes where CpGs in the first exon heavily influenced the score of both the gene promoter and the gene body. The remaining two genes were NRBP1 and MSS51. For NRBP1, we observed hypomethylation at the CpG island gene promoter and hypermethylation in the gene body. This pattern suggests that NRBP1 may be overexpressed in some SRS patients. However, this methylation pattern at NRBP1 was only consistently observed in two of the SRS patients. MSS51 was hypomethylated at both the (non-CpG island) promoter and in the gene body in four SRS patients. MSS51 therefore may also be over-expressed in some SRS patients, but the relationship between DNA methylation and gene expression levels is less well characterised and overall more variable for genes with non-CpG promoters (Jones 2012) .
Comparison with group-wise analysis To evaluate our novel bioinformatics pipeline, a comparison with a standard approach used to analyse Illumina ® 450k microarray data was performed. We made a groupwise comparison of SRS versus control methylation profiles using between-array quantile normalisation of signal intensities as before, within-array BMIQ normalisation of beta values, and linear modelling with limma including covariate factors as before within the RnBeads package (Assenov et al. 2014 ). This analysis detected no genomewide statistically significant changes at the CpG, CpG islands or gene promoter/body level. This highlights the difficulty of detecting significant group-wise changes in methylation when the effect is only observed in a subset 1 3 of individuals. Inspection of specifically the RB1 DMR results obtained with RnBeads showed relative and nominally significant hypermethylation of the SRS group versus controls (P = 0.04), consistent with the results of our original round-robin analysis, while not achieving genomewide statistical significance. With RnBeads, we obtained analogous results for the H19 ICR1 and at the imprinted DMRs on chromosome 7 where a subset of our SRS patient cohort harbours known methylation changes that were not detected at a genome-wide significant level using the group-wise approach. Specific inspection of these regions again showed that the expected methylation changes were present in the results ( Figure S8 ).
Discussion
Global hypo-or hypermethylation is not a hallmark of SRS The underlying aetiology of SRS is heterogeneous and has not been easy to elucidate. The syndrome re-occurs only very rarely in families, and it has been proposed to have complex genetic and/or epigenetic components based on an embryonic growth phenotype associated with several imprinted loci (Abu-Amero et al. 2010) . Additionally, a case of monozygotic twins discordant for SRS has previously been reported, providing strong evidence that some instances of SRS can be explained by epigenetic differences alone (Gicquel et al. 2005) . One possible hypothesis is that SRS patients display global disruption of DNA methylation with a genome-wide decrease or increase in DNA methylation. This study measured DNA methylation changes in 18 patients with SRS, compared to controls, at >450,000 CpGs. We did not detect a bias towards either hypomethylation or hypermethylation of DNA genomewide, neither in terms of methylation changes at individual CpG probes nor at the level of CpG islands, gene promoters or gene bodies. We did detect many methylation differences that fall outside of the range observed in the control group, indicating that DNA methylation patterns in the blood of patients with SRS are overall more variable than those of non-SRS controls.
Methylation changes vary between individuals with SRS
We employed a novel round-robin approach to the analysis of DNA methylation microarray data generated on the Illumina ® 450k Infinium platform. This approach was sensitive enough to detect significant methylation changes in our cohort of SRS patients even if the changes were limited to a relatively small subset of patients, and it allowed us to contextualise the detected methylation changes on a per-patient basis. The increased sensitivity of our round-robin analysis method was confirmed by comparing this approach to a conventional group-wise comparison that did not detect any genome-wide significant hits including known SRSspecific changes in methylation that are present in the cohort (H19 ICR1 and Chromosome 7 DMRs). SRS is a clinically diagnosed syndrome with subgroups that share specific molecular anomalies (mUPD7, H19 ICR1 hypomethylation), but for which no single overarching methylation defect is present in every patient. Our bioinformatic approach was specifically designed to detect methylation changes in subgroups of patients in a syndrome where molecular heterogeneity is expected. This method also circumvented the issues related to the combination of two different assay types and colour channels onto a single-array platform. In addition, we substantiated the importance of controlling for differences in DNA extraction methods from blood when modelling methylation data, as illustrated by the inflation of the test statistic when the extraction method was not controlled for ( Figure S1 ). This result was expected since differences in methylation patterns have previously been identified between DNA extracted from peripheral blood mononuclear cells (PBMCs) and DNA extracted from whole blood (Reinius et al. 2012 ).
We did not detect a ubiquitous SRS epimutation. There are several possible explanations for this observation. First, SRS phenotypes are a variable spectrum and a clinical diagnosis of SRS is based on a combination of several major and minor diagnostic criteria (Price et al. 1999; Wakeling et al. 2010 ). SRS therefore is likely phenotypically heterogeneous, representing a set of symptoms caused by several underlying molecular defects, including several distinct epigenetic defects. Our findings support this notion. In addition, the analysis of DNA methylation in blood likely yields results that are only partially representative of methylation differences that function to regulate growth and development of the foetus in utero. Using DNA extracted from blood makes the assumption that methylation changes from early developmental time points are preserved in the DNA of cells that have differentiated along the hematopoietic lineage. The rational for this assumption is that hematopoietic stem cells are derived from the aorta-gonad-mesonephros region of embryonic mesoderm [reviewed in (Dzierzak and Speck 2008) ]. The embryonic mesoderm also gives rise to smooth and striated muscle, bone, cartilage, adipose tissue and the genitourinary system, all of which are involved in the SRS phenotypes (Price et al. 1999; Wakeling et al. 2010) . However, the lack of common DNA methylation changes in all SRS cases may be because all common epigenetic differences occur early in development and are subsequently overridden by methylation changes that regulate cell differentiation, or are simply lost passively due to a lack of maintenance during cell division. For this reason, we were particularly interested in imprinted DMRs because these are largely stable regions of DNA methylation during development and postnatal life (Woodfine et al. 2011) . In particular, they tend not to be influenced by tissue-specific epigenetic reprogramming, as is demonstrated by the relative ease with which methylation changes at the H19 ICR1 are detectable in DNA extracted from the blood of SRS patients (Gicquel et al. 2005 ).
Ontological analysis suggests most methylation differences detected in SRS patients are likely to be non-causative CpG islands represent the most interesting genomic regions for examining differences in methylation in SRS because methylation changes in these regions directly influence the local epigenetic environment to regulate gene expression [reviewed in (Deaton and Bird 2011)] . We found 313 CpG islands (1.2 % of CpG islands assayed) to be significantly differently methylated in SRS. Genes associated with these CpG islands were not over-represented for growth, skeletal development or muscle development ontologies as one might expect based on the SRS phenotype. However, we did observe over-represented ontologies associated with metabolism and transcription (Table S11) . We propose that many of these methylation changes may therefore be a consequence of the symptoms of SRS, rather than being the underlying molecular cause. For example, one clinical observation in patients with SRS is a failure to feed properly during infancy. DNA methylation analysis in several tissue types in mouse demonstrates that calorie restriction can induce methylation changes (Chouliaras et al. 2012; Chen et al. 2013) , and correlation between dietary intake and methylation has been shown for human leukocyte DNA (Gomes et al. 2012 ).
Imprinted regions and SRS
Methylation changes at imprinted regions have previously been described as epigenetic markers of SRS (Girardot et al. 2013 ). This study demonstrates multiple instances of methylation differences at imprinted regions in SRS patients, and 11 of 18 patients exhibit methylation changes at multiple imprinted domains, supporting the multi-locus methylation defect model previously proposed (Azzi et al. 2009; Eggermann et al. 2011 Eggermann et al. , 2014 Turner et al. 2010; Court et al. 2013 ). However, it should be noted that we also identified many instances of methylation changes in SRS patients compared to controls outside of imprinted regions. The best characterised epigenetic marker associated with SRS is at the H19 ICR1. Our analysis detected this region as being hypomethylated in our patient cohort. When ranked by CpG island score, this region was 25th highest in terms of differences in methylation in SRS. Two SRS patients included in our study had previously been characterised as hypomethylated at H19 ICR1 using a locusspecific test. However, we detected hypomethylation in an additional four patients when we examined differences in methylation at the H19 ICR1 in detail. DNA methylation changes had not been detected in three of these patients using this PCR test, and one patient had not been tested. This illustrates the limitations of assessing regional DNA methylation by measuring methylation at a single CpG. This may explain the large range in frequency of H19 ICR1 hypomethylation reported in the literature (Bliek et al. 2006; Gicquel et al. 2005; Eggermann et al. 2006) , and has implications not just for SRS, but for other disorders in which hypomethylation is measured. The MS-MLPA (Holland) clinical test for hypomethylation measures methylation at four locations across the island, reflecting the need to assay multiple CpGs to ensure hypomethylation is accurately assessed ( Figure S9 ). In addition, we detected hypermethylation at known imprinted DMRs on chromosome 7 in patients with mUPD7, showing partial overlap with a chromosome-wide study of methylation in uniparental disomy 7 (Hannula-Jouppi et al. 2013) .
The region adjacent to the RB1 DMR may serve as an epigenetic mark for a subset of cases of SRS. We detected hypermethylation in the shore of a CpG island next to the RB1 DMR in over half of the SRS patients analysed, irrespective of other reported molecular changes (mUPD7, H19 ICR1 hypomethylation). Inspection of probes annotated at or near the differently methylated CpG island revealed that the signal was predominately due to two neighbouring CpGs, at least one of which was hypermethylated in 13/18 SRS patients analysed in this study, this observation was confirmed using both MeDIP-seq and bisulfite analyses in replication studies.
Hypomethylation has previously been reported at the RB1 DMR in an isolated case (Court et al. 2013) . RB1 is an imprinted gene preferentially expressed from the maternally derived allele (Kanber et al. 2009; Buiting et al. 2010) and is implicated in cell cycle progression, acting as a tumour suppressor [reviewed in (Weinberg 1995) ]. Preferential maternal expression of RB1 may point towards a role for this gene in the regulation of growth and development that could be influenced by local epigenetic changes. RB1 is implicated in several human cancers including retinoblastoma (Yandell et al. 1989) , osteosarcoma (Sandberg and Bridge 2003) , bladder cancer (Horowitz et al. 1990 ), and small cell lung carcinoma (Harbour et al. 1988) . No increase in the frequency of RB1-related cancers has been reported for SRS. The Rb1 DMR is not present in the mouse (Rademacher et al. 2014) , however, mice with a conditional deletion of Rb1 in osteoblasts exhibit skeletal abnormalities that recapitulate some human SRS phenotypes (Gutierrez et al. 2008 ). Rb1 together with imprinted genes like Igf2 and Grb10 is also implicated in the parentof-origin-specific developmental defects observed in Peromyscus interspecies hybrids (Duselis and Vrana 2007) .
Finally, we report a CpG island near ANKRD11, a gene predicted but not confirmed to be subject to genomic imprinting (geneimprint.com), which is hypermethylated in six SRS patients. The hypermethylated CpG island contains a piRNA cluster. piRNAs have been shown to regulate DNA methylation on the paternally inherited allele at the imprinted Rasgrf1 locus in the mouse (Watanabe et al. 2011 ). This may be indicative of an altered epigenetic environment in the ANKRD11 region in a subgroup of SRS patients, which may affect expression of ANKRD11 and/ or neighbouring genes contributing to the portions of the SRS phenotype that overlap with abnormalities seen in KBG and 16q24.3 microdeletion syndrome. It should be noted that this regions is not identified as hypermethylated at genome-wide significance in the replication analysis using MeDIP-seq. We, therefore, propose it as an interesting region for further study.
Conclusions
We show that the DNA methylation profile of patients with SRS varies greatly from the range observed in controls, suggesting that methylation changes are playing a role in the pathology of SRS. Despite many methylation differences being observed, we do not observe global hypo-or hypermethylation nor do we observe a single common epimutation present in all patients in our SRS cohort. Instead, we observe many regions where smaller subgroups of patients share methylation changes. Causative epimutations may result from aberrant function of transacting epigenetic modifiers during early development and drive the pathology of SRS. This mechanism of SRS pathology is evidenced by the presence of methylation changes at some imprinted regions across the genome that usually remains stable during development. In addition, the apparent co-regulation of large genomic regions observed in SRS is suggestive of irregular DNA methylation establishment and maintenance across the genome. The epimutations detected, could provide a tool to stratify SRS patients at a molecular level for further genetic and epigenetic classification. R implementation, consulted on its further development, performed some data analyses, and wrote the manuscript. G.M. contributed to the conception and design of the experiments and provided SRS patient sample DNAs. R.J.O. contributed to the conception and design of the experiments and wrote the paper. All authors contributed to the final version of the paper.
